Background/Objectives: To develop and cross-validate bioelectrical impedance analysis (BIA) prediction equations of total body water (TBW) and fat-free mass (FFM) for Asian pre-pubertal children from China, Lebanon, Malaysia, Philippines and Thailand. Subjects/Methods: Height, weight, age, gender, resistance and reactance measured by BIA were collected from 948 Asian children (492 boys and 456 girls) aged 8-10 years from the five countries. The deuterium dilution technique was used as the criterion method for the estimation of TBW and FFM. The BIA equations were developed using stepwise multiple regression analysis and cross-validated using the Bland-Altman approach. Results: The BIA prediction equation for the estimation of TBW was as follows: TBW ¼ 0.231 Â height 2 / resistance þ 0.066 Â height þ 0.188 Â weight þ 0.128 Â age þ 0.500 Â sexÀ0.316 Â ThaisÀ4.574 (R 2 ¼ 88.0%, root mean square error (RMSE) ¼ 1.3 kg), and for the estimation of FFM was as follows: FFM ¼ 0.299 Â height 2 /resistance þ 0.086 Â height þ 0.245 Â weight þ 0.260 Â age þ 0.901 Â sexÀ0.415 Â ethnicity (Thai ethnicity =1, others = 0)À6.952 (R 2 ¼ 88.3%, RMSE ¼ 1.7 kg). No significant difference between measured and predicted values for the whole cross-validation sample was found. However, the prediction equation for estimation of TBW/FFM tended to overestimate TBW/FFM at lower levels whereas underestimate at higher levels of TBW/FFM. Accuracy of the general equation for TBW and FFM was also valid at each body mass index category. Conclusions: Ethnicity influences the relationship between BIA and body composition in Asian pre-pubertal children. The newly developed BIA prediction equations are valid for use in Asian pre-pubertal children.
Introduction
The increasing prevalence of childhood obesity with a parallel increase in the incidence of associated chronic disease is becoming a major public health problem in Asia, especially in countries undergoing nutritional and lifestyle transition (Lobstein et al., 2004; Li et al., 2008) . Obesity is characterised by an excess of body fat. The most common definition of pediatric obesity utilizes the body mass index (BMI). Although BMI for age provides a useful indication of size and shape of a child relative to normative data, BMI is not a measure of body composition. The major limitation of the BMI in children and adolescents is its inability to differentiate levels of fat mass (FM) and fat-free mass (FFM) among individuals (Roubenoff et al., 1995; Gallagher et al., 1996; Freedman et al., 2005) . Some studies have indicated that a BMI score only enables a poor to fair identification of those individuals who are truly overweight and obese as determined from objective measures of the percent body fat (%BF) (Sampei et al., 2001; Wickramasinghe et al., 2005) . Moreover, as BMI does not predict change in body fatness, which is a more appropriate approach to evaluate the effect of intervention programs on obesity prevention and treatment (Dao et al., 2004) , it is important to use more accurate and objective measures of body fat in addition to BMI (Wickramasinghe et al., 2005) .
Bioelectrical impedance analysis (BIA) is an appropriate body composition assessment technique for field studies of children, (Jürimäe and Hills, 2001) however, the approach depends on several assumptions regarding the composition of the FM and the FFM, including the constancy of the composition of FFM. However, the hydration and density of the FFM are not constant among individuals and vary with age, gender and ethnicity (Deurenberg et al., 2002a) . Accordingly, there are inherent problems in the application of existing prediction equations to samples other than individuals who have the same physical characteristics as the sample used to derive the equation. To date, most of the existing BIA prediction equations have been derived from Caucasians with relatively few developed specifically for Asian children (Heyward and Stolarczyk, 1996; Nielsen et al., 2007) .
Further, some previous studies have assessed whether ethnicity contributes to the relationship between bioimpedance and body composition in adolescents (Going et al., 2006; Sluyter et al., 2009; Haroun et al., 2010) rather than in children. Therefore, the validity of BIA in a multi-ethnic sample of Asian children is unknown. Accordingly, the objective of the current study was to assess the validity of BIA for the estimation of total body water (TBW) and FFM using the deuterium dilution technique as a reference.
Subjects and methods
A total of 948 participants (492 boys and 456 girls) were recruited from five Asian countries, including China (East Asia), Lebanon (West Asia), Malaysia, Philippines and Thailand (South East Asia). In each country, a non-random purposive sampling approach was used to enrol children encompassing a wide BMI range for each year of age between 8-10 years and each sex. The sample size of each country is shown in Table 1 . Ethnicity was determined by selfidentification and those whose parents were identified as having the same origin were included. Additional inclusion criteria required that participants be at Tanner stage 1 of puberty, and free from any diagnosed medical condition that might potentially interfere with body composition measurement. In each country, participants in each gender and age group were randomly divided into two groups, a validation group (328 boys and 302 girls) and a cross-validation group (164 boys and 154 girls) ( The study protocol was explained to the parent(s) and the children and written consent was obtained from each child and/or their parent(s).
Body height was measured using a portable Holtain stadiometer to the nearest 0.1 cm. Fasting body weight was measured in the morning using a SECA electronic scale (SECA, Hamburg, Germany) to the nearest 0.1 kg with participants wearing only underwear and after emptying their bladder. BMI was calculated as body weight (kg) divided by the square of height (m). Overweight and obesity were classified according to World Health Organization BMI cutoffs for children (de Onis et al., 2007) . Pubertal status of each participant was assessed according to the criteria of Tanner (Tanner and Whitehouse, 1976) by trained investigators.
A tetrapolar single frequency (200 mA at 50 kHz) electrical bioimpedance analyzer (Imp DF50, ImpediMed Limited, Brisbane, QLD, Australia) was used to measure impedance (Z, O), resistance (R, O) and reactance (Xc, O). Resistance index (RI) was calculated as the square of height divided by resistance (RI ¼ height (cm) 2 /R(O)). BIA measurement was taken on the right side of the body and standardized testing procedures followed (Heyward, 1998) . Factors known to influence BIA measurement including room temperature, exercise, eating and drinking were all controlled. Before each testing session, the device was checked using the test cell provided by the manufacturer.
TBW was assessed by deuterium dilution technique and used as the criterion method for the estimation of TBW and FFM. In brief, a 10% D 2 O dose of 0.5 g per kg body weight was given orally to the participant after collection of the baseline urine sample. The post-dose sample was collected about 5 h after the administration of dose. All urine samples Validation of BIA in Asian children A Liu et al were sent to Queensland University of Technology, Australia, for analysis using isotope ratio mass spectrometry and determination of TBW. Subsequently, FFM was derived from TBW using Lohman's age-and gender-specific constants for hydration of the FFM for children (Lohman, 1986) . In order to harmonize data collection across the five countries, the same equipment and technique, including deuterium oxide dilution approach was employed in all countries. All measurements were conducted following standardized operating procedures by trained investigators.
Descriptive statistics were reported as mean±s.d. The validation group was used to develop the prediction equations for TBW and FFM and to evaluate the precision of the equations. The cross-validation group was used to evaluate the accuracy of the equations. In the validation group, stepwise multiple regression analysis was employed to develop BIA equations. TBW and FFM derived from deuterium dilution methods were used as dependent variables for the development of prediction equations separately. The potential predictor variables included age (to the nearest 1 year), sex (male ¼ 1, female ¼ 0), height, weight, RI, XC and ethnicity (coded as four dummy variables for Lebanese, Malays, Filipinos and Thais with Chinese as the reference category). Potential interactions between ethnicity and RI, between sex and RI, and between age and RI were examined. Mallow's Cp statistic (Mallows, 1973) was used as a measure of the appropriate number of predictors. High R 2 value, small root mean square error (RMSE) and small Cp value close to the number of independent variables indicated the optimal model. Multiple regression equations developed from the validation group were cross-validated on the cross-validation group. The pure error (PE) calculated as the square root of the mean of squares of differences between measured and predicted values was used to assess the performance of the prediction equations on cross-validation. The smaller the PE, the greater the accuracy of the equation. There is no criterion value for PE that indicated successful cross-validation, but the PE should be similar to the value of the RMSE of the same equation from its validation (Sun et al., 2003) . Moreover, the approach of Bland and Altman was used to assess the agreement between BIA and deuterium dilution methods. This statistical approach is recognized as the most appropriate way to compare the ability of different methods to measure the same parameter (Bland and Altman, 1986) . Limits of agreement (expressed as 2 s.d. above and below the bias) and the dependence of the bias on the mean of measured and predicted values were analyzed.
All statistical analyses were performed with SAS 8.02 (SAS Institute Inc., Cary, NC, USA) and a two-tailed P-value of o0.05 was regarded as statistically significant.
Results
Participant characteristics are shown in Table 2 . There were wide ranges for height, weight, BMI, TBW, FFM and %BF. The mean BMI was 18.9 kg/m 2 with a range of 12.2-34.9 kg/m 2 . Height ( Validation of BIA in Asian children A Liu et al
The mean FFM was estimated at 24.4 kg with a range of 12.5-48.2 kg and the estimated mean %BF was 27.9% with a range of 5.5-54.5%.
Development of BIA equations
No significant interactions between ethnicity and RI, between sex and RI and between ethnicity and sex were found. Therefore, a single equation was developed for the whole validation sample. RI, weight, height, age, sex and ethnicity were all significant predictors of both TBW and FFM (Table 3) . Of these predictors, weight entered the models first and explained the largest variance of the models, following by RI. The equation for the estimation of TBW accounted for 88.0% of the variation in TBW with RMSE 1.3 kg and the equation for the estimation of FFM accounted for 88.3% of the variation in FFM with RMSE 1.7 kg. The final prediction equation of BIA for estimation of TBW and FFM was as follows:
Cross-validation of the equations The developed equations were applied to the cross-validation group to evaluate their accuracy. No significant difference between measured and predicted values for the whole cross-validation sample was found (bias ¼ À0.1 ± 1.4 kg, PE ¼ 1.4±2.0 kg for TBW and bias ¼ À0.2±1.9 kg, PE ¼ 1.8 ± 2.6 kg for FFM). Measured values correlated highly with predicted values (r ¼ 0.94 for both TBW and FFM, Po0.0001). The difference between measured and predicted TBW (TBW_diff) plotted against the mean of the predicted and measured TBW (TBW_mean) is shown in Figure 1 and the difference between measured and predicted FFM (FFM_diff) plotted against the mean of the predicted and measured FFM (FFM_mean) is shown in Figure 2 . The limits of agreement were À2.9 to 2.7 kg and À4.0 to 3.6 kg for TBW and FFM, respectively. A total of 19 participants (6.0%) whose residuals exceeded the 95% confidence limits of TBW and 17 participants (5.3%) whose residuals exceeded the 95% confidence limits of FFM was identified. There was a marginal significant correlation between the difference of measured and predicted values and mean of measured and predicted values. The regression model for TBW was TBW_diff ¼ À0.900 þ 0.042 * TBW_mean (R 2 ¼ 0.013, P ¼ 0.041) and for FFM was (Rush et al., 2003; Nielsen et al., 2007; Wickramasinghe et al., 2008) . Moreover, our prediction equation showed ideal predictive accuracy when Lohman's classification system for prediction errors (standard error of the estimate for FFM with the range 2.0-2.5 kg for males and 1.5-1.8 kg for females indicating ideal performance of the equation) was used (Lohman, 1992) . Our study demonstrates the ethnic effect on the relationship between RI and TBW and FFM. The inclusion of ethnicity into the equation improved the estimation of FFM and TBW in Thai children. Some previous studies have shown that ignoring the ethnicity effect would result in underestimation of FFM by 1.6 kg in black girls (Going et al., 2006) , 1.8 kg in Maori and Pacific boys and 1.6 kg in Pacific girls (Sluyter et al., 2009) and 1.5 kg in South Asian girls and 1.3 kg in South Asian boys (Haroun et al., 2010) . Several factors can explain the ethnic difference in the relationship between BIA impedance/resistance and TBW/FFM. Firstly, differences in relative limb length might have an effect on the estimation of TBW and FFM by BIA. Total body impedance is largely determined by limb impedance therefore the longer the limbs, the higher the total impedance (Bracco et al., 1996; Deurenberg et al., 2002b) . Those who have a higher relative leg/arm length will have a higher resistance/impedance, and thus have a lower RI at a given FFM and an underestimation of TBW and FFM (Snijder et al., 1999) . Data on differences in relative leg length among Asian children from different origins are limited, but these differences have been found among Asian adults (Gurrici et al., 1999; Deurenberg et al., 2002b) and between Asians, blacks and Caucasians (Gallagher et al., 1996; Norgan, 1994; Deurenberg et al., 1999) . Furthermore, the ethnic difference in TBW distribution can also influence the estimation of TBW and FFM by single frequency BIA. Single frequency BIA at 50 kHz primarily reflects the extracelluar water (ECW) space (Ellis et al., 1999) . Those who have higher relative extracelluar water will have a lower resistance when measured by single frequency BIA, thus the RI will be higher for a given TBW/FFM and body weight. An ethnic difference in extracelluar water/TBW among Asian adults has been found in a previous study (Deurenberg et al., 2002b) . Hence, population-specific BIA prediction equations were commonly recommended when applying BIA to predict body composition due to these ethnic differences in body composition and body build (Lohman et al., 2000; Kyle et al., 2004; Nielsen et al., 2007) .
Weight was included into both TBW and FFM prediction equations, in line with another study (Kriemler et al., 2009) . The rationale for the inclusion of body weight is that water is the most abundant compartment in the body, making up B65% of body weight for 8 to 10-year-old children (Fomon et al., 1982) . Apart from RI and weight, sex and age was also a predictor of TBW and FFM in our study. This can be explained by differences in body water distribution between males and females, and also between ages. In general, females Validation of BIA in Asian children A Liu et al have a higher ratio of extracellular water to TBW, thus the body resistance measured by single-frequency BIA at 50 kHz will be lower and the term RI will be higher for a given FFM and body weight in females than males (Fomon et al., 1982) . The distribution of body water changes toward a lower relative amount of extracellular water with an increase in age during childhood (Fomon et al., 1982) . Hence, older children will have a higher resistance (lower RI) than younger children at the same FFM level (Deurenberg et al., 1990) . The accuracy of an equation usually reduces when it is applied to other samples. Therefore, it is necessary to crossvalidate to confirm the validity of the prediction equation. Our cross-validation results indicated that the predicted values correlated with the measured values very highly and the pure error was low with no significant difference between predicted and measured values. Moreover, the limits of agreement assessed by Bland-Altman approach were very small and comparable to those from previous studies (Deurenberg et al., 1991; McClanahan et al., 2009; Sluyter et al., 2009) . However, it must be noted that application of Bland-Altman analysis showed that there may be a potential systematic bias in applying the equation. More specifically, there is a trend for overprediction in participants of low TBW/FFM and underprediction in participants of high TBW/FFM. Previous studies have also found that the bias was dependent on the level of body fat (Deurenberg et al., 1991; McClanahan et al., 2009) . The lower accuracy of BIA in the obese might be explained by the body water distribution changing with the increase of body fat. The obese have a higher relative amount of extracelluar water than lean individuals (Wang and Pierson Jr, 1976; Sartorio et al., 2005; Ritz et al., 2008) . BIA impedance will therefore be lower in the obese at a given FFM and body weight and the general BIA equation will overestimate the TBW and FFM (Deurenberg et al., 1991) . Moreover, adipose tissue could affect measured resistance. When the volume of adipose tissue is greater than muscle volume, a slight overestimation of FFM will result when a BIA equation derived for non-obese female subjects is applied (Baumgartner et al., 1998) . An assessment of the accuracy of the TBW and FFM general equation derived from the validation group for each BMI category indicated that the general equation was valid for children across a wide BMI range. Moreover, we also compared the accuracy of the TBW and FFM general equation derived from the whole validation group for each BMI category with the accuracy of the TBW and FFM BMI-specific equations derived from each BMI category in the validation group and results indicated comparable accuracy (data not shown). In addition, the accuracy of the TBW and FFM general equation was also comparable to the accuracy of the TBW and FFM country-specific equation (data not shown). Therefore, the general equation is simpler and can be used for the whole cohort.
There are several limitations to our study. Firstly, our participants were purposively selected to obtain a wide range of BMI and were not a representative sample for each ethnicity.
However, for a validation study, it is better to have a wide range in body fat in the study sample. Secondly, the deuterium dilution technique was used as the criterion method in our study and FFM was derived on the basis of a two-component model without considering the ethnic difference in hydration of FFM. However, the deuterium dilution technique is the gold standard for estimation of TBW and is the only option for the remote measurement of body composition with high precision. Finally, the same constants for hydration were used across the five groups in our study although previous studies have shown an ethnic difference in body water distribution among adults. However, no data is available on hydration constants for Asian children.
In conclusion, the BIA prediction equations for TBW and FFM developed in our study are valid for use in Chinese, Lebanese, Malay, Filipino and Thai children aged 8-10 years across a wide BMI range (12.2-34.9 kg/m 2 ). Ethnicity entered the equations indicating that ethnicity is very important in the generation of BIA prediction equations. Our populationspecific BIA prediction equation provides an appropriate tool for the accurate assessment of body composition among Asian children in a multi-country study. It also provides the opportunity to compare the prevalence of obesity based on %BF rather than BMI between Asian countries using the BIA method, which is relatively inexpensive, simple to use and not time consuming.
